We invest igated the effect s of ozone and leaf senescence on steady-state stomatal conductance and stomatal response to light variat ion. Measurements were carried out in a free -air ozone exposure experiment on a represent at ive deciduous broadleaved tree species in Japan (Fagus crenata). Both steady-state and dynamic stomatal response to light variat ion varied intrinsically wit h season due to leaf senescence. Ozone induced the decrease in steady-state leaf gas exchange and the sluggish stomatal closure progressively. These findings suggest that ozone reduces t he abilit y of plant s to adapt to a fluctuat ing light environment under natural condit ions, and therefore impairs plant growth and abilit y to control water loss.
Introduction
Tropospheric ozone (O 3 ) is a phytotoxic air pollut ant of major concern for forests, and is also recognized as a significant greenhouse gas (Byt nerowicz et al., 2007; Serengil et al., 2011 ). The tropospheric O 3 level has been increasing cont inuously since the first direct measurement s in 1874, and has now doubled in the norther n hemisphere (Volz and Kley, 1988; Akimoto, 2003 , Paolett i, 2007 . I n East Asia, increase of O 3 concentrat ions are also observed because of rapid increases in emission of the main O 3 precursors, nitrogen oxides and volat ile organic compounds (Naja and Akimoto, 2004) . In near future, surface O 3 concentrat ions are expected to be cont inuously increasing in East Asian countries (Ohara et al., 2007; Yamaji et al., 2008) .
Ambient O 3 has a negat ive impact on tree growth, and therefore on the abilit y of forest to sequester carbon (Witt ig et al. , 2009) . Entry o f O 3 via stomata into a leaf is a crucial factor leading to negat ive effect s on the physio logical processes of plant s (Omasa et al., 1979; UNECE, 2004, Paolett i and Manning, 2007; Grulke et al., 2007a; Cieslik et al., 2009 ). Previous studies have reported that O 3 generally induces 4 stomatal closure (e.g., Witt ig et al., 2007) , thereby limit ing stomatal O 3 uptake (Paoletti and Grulke, 2005) . However, O 3 also impairs stomatal response to changes in environmental factors, i.e., stomata respond sluggishly (Paolett i and Grulke, 2005; 2010) . Ozone-induced sluggishness of stomata has been reported in t heir response to photosynt het ic photon flux densit y (PPFD) (Reich and Lassoie, 1984; Reiling and Davison, 1995; Paoletti, 2005; Grulke et al., 2007a; Paoletti and Grulke, 2010) , vapor pressure defic it (VPD) (Grulke et al., 2007b; Uddling et al., 2009) , CO 2 concentrat ions (Onandia et al., 2011) and severe water stress imposed by severing a leaf (Paolett i, 2005; Paolett i et al., 2009; Mills et al., 2009 ; Hoshika et al., 2012) .
Ozone is also known to accelerate leaf senescence (Mat yssek and Sandermann, 2003) . Ozone-induced stomatal sluggishness may be a characterist ic of early senescence in O 3 -exposed leaves. In fact, leaves also exhibit a sluggish response of t heir stomata at the end of the growing season, called t he "dull leaf" phenomenon (Terashima, 2002) .
Interact ive effects of O 3 and phenology on stomatal response are ke y to extending our knowledge of elevated O 3 on leaf gas exchange, since both effects may occur simult aneously during the growing season.
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Our main object ive was to invest igate the effects of both O 3 and leaf senescence on steady-state stomatal conductance and stomatal response to light variat ion. Measurements were carried out in a free-air O 3 exposure experiment on Siebo ld 's beech (Fagus crenata), which is a representat ive deciduous tree species in Japan.
Materials and Methods

Experimental site and plant material
The study was carried out in Sapporo Exper iment al Forest, Hokkaido Universit y, in northern Japan (43°04' N, 141°20' E, 15 m a.s.l., annual mean temperature: 13.5˚C, total precipit at ion: 1254 mm in 2011). Ten-year-old saplings of Siebold 's beech (Fagus crenata) were exposed to an experiment ally enhanced O 3 regime using a free-air O 3 exposure syst em, as developed by the TUM group in Germany (Nunn et al., 2002) . Size of each plot is 5.5 m × 7.2 m. The distance between the O 3 and ambient plot is about 20 m. S oil t ype is brown forest soil. Ozone generated from pure oxygen is dilut ed wit h ambient air in a pressurized tank and fumigated int o the canopies by a system of 48 teflon tubes hanging down from a fixed grid above trees. Target O 3 concentrat ion was set to 60 nmol mol -1 during daylight hours ( Fig.   1 ; Table 1 
Results
Leaf mass per area
LMA of 60 g m -2 was recorded in the target trees before O 3 exposure in July (Table 2) . At 9 weeks after O 3 exposure in October, no change in LMA was recorded. There was also no difference in LMA between the O 3 regimes in both July and October.
Steady-state g s and A
The leaf gas exchange parameters were similar for Siebold's beech trees in ambient and elevated O 3 under static light condit ions pr ior to O 3 exposure (Table 3) . Steady-state leaf gas exchange decreased wit h advancing season, except for g l o *l t (Table 3 ). The value of g l o *l t did not decrease significant ly over t ime. Instantaneous water use efficienc y (WUE hi *l t ) was also reduced in late growing season (Table 3) .
Ozone was found to induce a reduct ion in the steady-state values of g s and A (Table 3) . Ozone-exposed leaves gave lower g h i *l t (-25% and -31% in September and October, respect ively) than control leaves. The value of A h i *l t declined more rapidly under condit ions of enhanced O 3 (-50% in September and -71% in October, relat ive to July) than in ambient condit ions (-9% and -36%). Under low light condit ion s (PPFD=100 μmol m -2 s -1 ), O 3 also induced reduct ions in g l o *l t and A l o *l t .
After 3, 6 and 9 weeks of O 3 exposure, A l o * lt in O 3 -exposed leaves was less t han half of it s value in control leaves.
Response of g s and A to light intensity variation
After reducing the light int ensit y from 1500 to 100 μmol m -2 s -1 , a gradual decrease in g s and a sharp decrease in A were observed in both treat ment s (Fig. 2) . When the light intensit y was restored to 1500 μmo l m -2 s -1 , g s and A gradually increased.
Prior to O 3 exposure, there was no difference between ambient and elevated O 3 in the dynamic response of g s and A to simulated light variat ion (Table 4) . T he t imes for stomatal responses (closing and opening) and increase s in A were about 15 min in controls and 11 min in t he O 3 treat ment. WWR after chang ing the light intensit y did not differ between control and O 3 treat ment s.
Owing to phenological effects, all parameters exhibit ed seasonal dependences (Table 4) . When changing light int ensit y, the amplit ude of change in g s (Δg s /g hi *l t ) was decreased wit h advancing season. I n October, Siebold's beech leaves were slower in the response of stomata and photosynt hesis t han 1984) . The effects we observed of O 3 on leaf gas exchange were similar to the effects of leaf senescence, i.e., significant reduct ions in steady-state leaf gas exchange and loss of stomatal response to change in light int ensit y, and were observed earlier (August and September ;
see Tables 3, 4 ). Ozone part icular ly caused sluggishness of closing response of stomata to decreasing light intensit y (Table 4) 2009. Quant ifying the impact of current and future tro pospheric ozone on tree bio mass, growth, physiology and biochemistry: a quant it at ive meta-analysis. Global Change Biology 15, 396 -424. Yamaji, K., Ohara, T., Uno, I., Kurokawa, J., Pochanart, P., Akimoto, H., 2008 . Future predict ion of surface ozone over e ast Asia using models-3 communit y mult iscale air qualit y modeling syst em and regional emission inventory in Asia. Journal of Geophysical Research 113, D08306, doi: 10.1029/2007JD008663 . 
Research Highlights
We invest igated the effect s of ozone and leaf senescence on stomatal response to light variat ion.
Measurement s were carried out in a free -air ozone exposure experiment on Siebold beech.
Stomatal response to light variat ion varied intr insically wit h season due to leaf senescence.
Steady-state stomatal conductance was reduced under elevat ed ozone.
Ozone increased t ime for stomatal closing and reduced light -saturated photosynt hesis progressively.
